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Thermodynamic databaseIn a severe accident transient, corium composition and its properties determine its behaviour and its
potential interactions both with the reactor vessel and in the later phases with the concrete basemat.
This, in turn, requires a detailed knowledge of the phases present at temperature and how they are
formed. Because it implies mainly the investigation of chemical systems at high temperature, these data
are often difﬁcult to obtain or are uncertain if it already exists. Therefore more data are required both to
complete the thermodynamic databanks (such as NUCLEA) and to construct accurate equilibrium phase
diagrams and to ﬁnally contribute to the improvement of the codes simulating these severe accident con-
ditions. The MCCI work package (WP6) of the SARNET 2 Network of Excellence has been addressing these
problems. In this framework in large facilities such as VULCANO tests have been performed on the inter-
actions and ablation of UO2-containing melts with concrete. They have been completed by large scale
MCCI testing such EPICOR on vessel steel corrosion. In parallel in major EU-funded ISTC projects co-ordi-
nated with national institutes, such as the CORPHAD and PRECOS, smaller, single effect tests have been
carried out on the more difﬁcult phase diagrams. These have produced data that can be directly used by
databanks and for modelling improvement/validation. From these data signiﬁcant advances in the melt
chemistry and pool behaviour have been made. A selection of experiments from participating institutes
are presented in this paper and give hindsight into the major processes and so give clear indications for
the future work, especially in light of the Fukushima accident.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction composition, temperature and pressure. The key in-vessel systemModelling of corium behaviour during a severe accident requires
knowledge of the phases present at equilibrium for a given coriumincludes UO2 fuel, Zircaloy cladding and ferrous-based reactor
internal structures, in various possible states due to variable possi-
ble oxidising conditions. Once the vessel fails, and the corium inter-
acts with the ex-vessel structures, then more complex systems will
be formed, which contain concrete decomposition products: oxides
of Si, Ca, Al, Na, K, Mg, etc. Modelling the behaviour of such complex
material requires accurate data of the main binary and ternary sys-
tems and adaptation to take into account the minor components.
This paper follows on from the ﬁrst paper given on the
same topic in the 4th ERMSAR Conference given in Nesseber
S. Bakardjieva et al. / Annals of Nuclear Energy 74 (2014) 110–124 111(Bakardjieva et al., 2008), it indicates the progress made in this
sub-Work Package (Improvement of thermodynamic data for
MCCI) by the members of the Severe Accident NETwork of
Excellence (SARNET) of the SARNET2 project which are UJV Rez,
CEA Cadarache, IRSN Cadarache, AREVA-NP, Erlangen and ITU
Karlsruhe. This paper will also include data from a recent
ISTC (International Science and Technology Centre) project
(http://www.istc.ru/) PRECOS (managed by Aleksandrov Institute
of Technology (NITI), Sosnovy Bor) that was funded by the
European Commission. Contacts between the SARNET institutes
and ISTC project managers resulted in considerable synergy
between the projects.2. The NUCLEA database
NUCLEA is a thermodynamic database for nuclear applications,
with a self-consistent database with 18 elements and more than
300 assessed binary or ternary systems. Critical assessments have
been made on a very large number of compounds and systems.
NUCLEA is for in and ex-vessel applications containing 18 (Al–Si–
Mg–Ca–U–Zr–O–Fe–Ni–Cr–Ag–In–B–C–Sr–Ru–La–Ba)+ 2 elements
(H, Ar) and it can calculate with the associated GEMINI2 code, with
a Gibbs Energy minimisation approach, the thermochemical equi-
librium state of a system at any step of a severe accident. The Gibbs
energy of all possible multi-component condensed or gaseous sub-
stances and solution phases are modelled and critically assessed by
means of sophisticated optimisation procedures. It can compile
condensed state phase diagrams (transitions, liquidus/solidus,
enthalpies of mixing, heat capacities) equilibrium compositions
and proportions. It can also be coupled with thermo-hydraulic
codes to provide viscosity, segregation, residual power distribution
data as well as calculating gaseous ﬁssion products release in any
external conditions (Cheynet, 2007). However each new compila-
tion requires further veriﬁcation that the calculated values are
self-consistent and correspond to the experimental points; this
also involves the evaluation of the experimental sources of error
to choose that best available estimate. One problem is the possibil-
ity of miscibility gaps which need to be checked experimentally,
because of its strong potential impact on the materials behaviour;Fig. 1. Laser ﬂash pyrometryit is the most poorly-known data used that determines the overall
accuracy of any prediction or phase diagram.3. Validation of experiments
3.1. Experiments at ITU – laser ﬂash facility
ITU Karlsruhe has constructed a coupled laser ﬂash – fast
pyrometry facility in a glove box that is able to use materials such
as UO2 or its mixtures (Fig. 1). The device heats the centre of a ﬂat
ground sample (approx. 8 mm dia.) of the test material in a closed
cell under 3 bar Ar (or, if needed, another gas mixture) by ﬁring a
high power laser pulse (5 mm dia.). The power laser melts the
sample surface by heating to approximately 2500 C in several
hundred milliseconds, and then on switching off, the sample is
allowed to cool. The sample’s surface temperature is measured
by a high-speed 2-wavelength pyrometer (k = 645and 488 nm)
every 10 microseconds (105 s) and by a multi-channel spectrom-
eter approximately every millisecond over 180 wavelengths
(k = 550–910 nm). This gives the bright body temperature; the
absolute emissivity (e0) is evaluated from the variation of spectral
intensity versus wavelength on the 180 spectral plots recorded by
the spectrometer and so the bright body temperature values are
corrected to absolute temperatures. The accuracy is generally
about ±25 K at the highest temperatures. In addition there is a
low power blue light diode laser irradiating the surface and this
is monitored by another CCD detector. This records any move-
ments of the surface (as a noisy/variable signal) and is a conﬁrma-
tion that a liquid phase is present on the surface (Sheindlin et al.,
2004; Manara et al., 2005; Ronchi and Sheindlin, 2001). A small
plateau in the temperature (thermal arrest) indicates a phase tran-
sition is occurring; this is most evident during the cooling curve.
Post-test examinations are done on cross-sections of the sample
molten zone by optical microscopy (OM), scanning electron
microscopy and analyses (SEM and EDS). This can determine the
composition of the molten material and its variation. This gives
an indication of the composition ranges that are stable at these
temperatures and can help establish the limits of the phase
domains (Bottomley, Wiss et al., 2012).facility at ITU Karlsruhe.
Fig. 2. Thermogram from a laser ﬂash heating of a 45% UO2–45% ZrO2–10 mol% FeO sample. The blue trace shows the reﬂected laser scattering (RLS) which indicates the
presence of a liquid phase. The black line shows the laser power proﬁle. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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as pressed pellets of the ﬁnely-ground components with a small
addition of Fe powder (3 wt%) to maintain the iron oxide in the fer-
rous state. X-ray diffraction of the pellets conﬁrmed the presence
of the 3 components as stoichiometric UO2, ZrO2 and FeO. The sam-
ples were then tested by laser ﬂash with fast pyrometry and exam-
ined by optical and SEM–EDX analysis. The compositions ranged
from X = 10 to 80 mol%FeO (or 3.9 wt% to 59.4 wt%FeO) in the sys-
tem (1  X)/2%UO2–(1  X)/2%ZrO2–Xmol%FeO. The testing was
performed in a glass-sided cell under pressurised inert gas (3 bar
Ar) to avoid volatilisation and compositional ‘drift’.
Results will be given for the 45% UO2–45% ZrO2–10 mol% FeO
sample (66 wt% UO2–30.1 wt% ZrO2–3.9 wt% FeO). Fig. 2 shows
the corresponding laser ﬂash thermogram. The ‘noise’ of the
reﬂected laser scattering (RLS) in 20–100 ms is an indication of
the sample melting during the test. The return of the blue line to
its original height corresponds to the ﬁrst thermal arrest on the
cooling curve of the pyrometric trace at 3020 K (after correction
for true emissivity); this appears to indicate the liquidus. The RLS
line remains noisy and shows movements that could correspond
to further transformations indicated by the pyrometer: one at
2700 K and a ﬁnal major arrest at 2400 K. The ﬁrst could corre-
spond to the liquidus of a ZrO2–UO2-rich phase, while the second
inﬂexion corresponds to a solidus of a ZrO2–UO2-rich phase. It
must be underscored that there is no low temperature (FeO-rich)
inﬂexion at low temperature (i.e. 1560 K) as seen in all the other
samples with higher FeO contents.
The optical examination and analysis is shown in Fig. 3. The 3
point analyses (14,15,16) show a gradual shift towards the more
U and Zr–rich melts (i.e. more refractory) at the periphery of the
melt, showing some phase segregation even at these rapid freezing
rates. Analyses were based on the metal ratios and excluded O
analysis because can be difﬁcult to compare when there are largeamounts of heavy atoms (i.e. U) are present in some phases and
absent in others (Brissonneau et al., 2012). Stoichiometric oxides
are assumed as there was no evidence of vaporisation or other
material loss from the sample during melting. The average of the
analyses indicates that the melt corresponds reasonably well to
the overall composition of the sample at 45% UO2–43% ZrO2–
12 mol% FeO or 66.3 wt% UO2–28.9 wt% ZrO2–4.7 wt% FeO.
Cracks and striations are seen in the melt zone; the striations
suggest a 2-phase structure in the melt: the back-scattered elec-
tron image (BSE) indicates U-rich and U-poor phases, so that
despite the maintenance of an equi-molar ratio of U and Zr oxides,
they may separate into a very ﬁne (eutectic) structure; probably in
a secondary phase transformation.
Thus the obtained data can be considered as a pseudo-binary
UO2–ZrO2 and FeO system: 2 sub-systems with very differing prop-
erties. This current set of results (although not complete) conﬁrms
that for many compositions (40–80 mol% FeO or 3.9–59.4 wt% FeO)
there is a large melting (Tliq  Tsol) range of 1200–800 K. The ﬁnal
freezing occurs 1600 K with a FeO-rich phase. The composition
of the UO2–ZrO2 rich phases suggest that the total solubility of
UO2–ZrO2 in the FeO phases is about 5–6 mol% (or approx.
12.6–15 wt%). These data have been compared with modelled
phase diagrams from NUCLEA (thermodynamic database for
corium by Thermodata) for veriﬁcation (see Section 3.6.1).3.2. Experiments at UJV-cometa facility
Within the ECOSTAR, SARNET and SARNET2 projects, severe
accident corium for VVER type reactors can be produced and tested
in the COMETA facility at ÚJV Rˇezˇ, a. s. (previously Nuclear
Research Institute) (Bakardjieva et al., 2008). This uses induction
heating in a cold crucible contained in a glove box (Fig. 4).
Fig. 3. Optical macroscopy of the cross-section of the 45% UO2–45% ZrO2–10 mol% FeO sample after 3 laser ﬂash shots of the surface (left). The SEMmicrograph (right) shows
the molten zone (lower left-hand corner) and the unmelted material beneath. The table gives the EDS analysis of 3 zones in the melt.
Fig. 4. Scheme of the COMETA facility.
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and a stable melting regime for the growth of large crystals.
Samples from 18 experiments were examined during the SAR-
NET 2 project. The experiments were performed in the following
systems: U–Zr–O, U–Fe–Zr–O, U–Fe–Zr–Si–Ca–O, U–Fe–Zr–Si–Ca–
Al–O. The miscibility gap phenomenon was observed during induc-
tion melting in the cold crucible in air in previous years. So tests
with oxide mixtures were carried out to assess the extent of this
phenomenon. Firstly, the oxide mixtures were melted in air atmo-
sphere (in U–Zr–O system the combination air/nitrogen atmo-
sphere was used) while video recording of the melt was
produced to monitor the melt behaviour and appearance of the
second liquid. The power of the COMETA facility allows it to reach
a maximum temperature of 3273 K. The experimental data (power,
cooling water rates and temperatures) was collected on a PC.
To obtain the ‘‘quenched samples’’, sampling of the melt wasperformed using a metallic rod where the melt solidiﬁes/quenches
in contact with cold metal rod. The ﬁnal product of the melt – ingot
was obtained by rapid cooling or slowly controlled cooling (zonal
crystallisation) of the ﬁnal melt pool.
Thereafter the samples were cut from the ingot, embedded and
polished for post-test analysis which was carried out in UACH Rêz
(Institute of Inorganic Chemistry). The samples were analysed
using a scanning electron microscope with energy dispersive X-
ray analyses (SEM–EDX) and a PRO Diffractometer XCelerator (X-
ray diffraction). The data processing of the experimental results
(composition, amount and temperature of the identiﬁed phases)
was carried out at St. Petersburg University (Petrov et al., 2008)
and the phase diagram was constructed using calculation program
DIATRIS 1.2.
The compositions of experiments URAN 21, 23, 24, and 25 relate
to fully-oxidised in-vessel systems of UO2–ZrO2–Fe2O3/Fe3O4
Table 1
Showing the conditions for 3 experiments carried out at UJV and the corresponding experiment at CEA VULCANO facility that they are linked to. Note that slow, zonal
crystallisation was performed in order to get equilibrium structures.
UJV title CEA title Atmosphere Composition [wt%] T [C] Note
URAN 21 ‘‘initial’’ Air 56.4% UO2 4.4% SiO2
35.8% ZrO2 2.4% Fe2O3
0.9% CaO
2000–2100
(max. 2119)
Zonal (slow)
crystallisation
URAN 23 VB-U5 Air 35.4% UO2 18.8% SiO2
20.1% ZrO2 9.4% Fe2O3
15% CaO 1.3% Al2O3
1900–2000
(max. 2082)
Zonal (slow)
crystallisation
URAN 24/25 VB-U6 Air 39.2% UO2 20.2% SiO2
28.4% ZrO2 3.7% Fe2O3
7.3% CaO 1.2% Al2O3
1900–2100
(max. 2186/2120)
Expt. performed 2x,
U24 explosion,
zonal (slow)
crystallisation
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with some CaO (1–15 wt%) and small amounts of Al2O3 (1 wt%).
 URAN 21 is a 95 wt% UO2–ZrO2 with about 2.4 wt% Fe2O3/Fe3O4
and 4.4 wt% of SiO2, and so represents a corium–concrete com-
position at the initial times of the MCCI interaction.
 URAN 23 is only 55 wt% UO2 and ZrO2, with 10 wt% iron oxi-
des and19 wt% SiO2, 15 wt% CaO and 1 wt% Al2O3 so is a very
mixed corium-concrete composition expected for a silicaceous
concrete. With high CaO and SiO2 content it would be expected
to be relatively refractory as well as viscous.
 URAN 24 and 25 are experiments with approx. 70 wt% UO2 and
ZrO2 and 20 wt% SiO2, but only 7.3 wt% CaO and 1 wt% Al2O3.
Thus a comparison between URAN 23 and 24/25 will show the
inﬂuence of the refractory CaO content on the corium melts
behaviour. Table 1 shows each sample along with its compara-
ble CEA VULCANO test.
Fig. 5 shows the ingots and sampling locations of the URAN 24–
25 tests. The URAN 24 ingot has been broken into small pieces
from a small explosion that occurred during the test. During its
melting in the cold crucible, the sample was observed to have
phase differentiation in the melt. This is thought to be due to the
release of oxygen which leads to the formation of uranium oxide
aerosols. The uranium oxide vapour may have a tendency to
remove excess oxygen. This has been observed in Knudsen Cell
analysis of UO2 fuel (Hiernaut et al., 2008). 2 zones with a low con-
tent of Ca3SiO5 (<10 wt%) and high content of Ca3SiO5 (>20 wt%)
were analysed by SEM and X-ray diffraction:
 in the area with low calcium silicate content, two binary
(U,Zr)O2 crystalline phases with higher and lower uranium con-
tent appeared as decomposition products. In the remaining part
of this melt, products of the monotectic crystallisation of the
(U,Zr)O2–SiO2 eutectic system occurred.Fig. 5. Photos of the ingots from URAN 24 and 25 experiments. The in the melt where there was a higher content of Ca3SiO5
(>20 wt%), two main crystalline phases occurred: ﬁrstly den-
dritic crystals of (U,Zr)O2 and Ca2SiO4 and in the space between
these primary dendrites: Fe3O4 and Ca(U,Zr)O4.
Preliminary evaluation of the results suggests that phase differ-
entiation in these molten systems occurs. There is a separation into
a MO2–SiO2 andMO2–MeO1.5 systemwhere (M = U, Zr and Me = Fe,
Al).
Furthermore there is also an associate phase formation (of gen-
eral formula 3MO2 * 7MeO1.5) and they are observed to be stable
and separate in the liquid state. The crystallisation in these sys-
tems starts by separation of the associate phase from the remain-
ing part of melt due to their lower density (so-called ‘light liquid’).
Then, as the surface temperature of this liquid decreases below a
critical temperature, grains of high melting temperature MO2 start
to form and the composition of associated melt shifts towards a
MeO1.5 concentration in the adjacent region (Fig. 6).
In consequence of the cooling and enrichment, there is crystal-
lisation of individual associate phase areas, leading to formation of
larger crystals of both MO2 and MeO1.5 oxides (Fig. 7).
The U–Zr–Fe–Ca–Si–Al–O system is complex and difﬁcult to
investigate because the heating of such systems can often be
accompanied by uranium-containing aerosols formation. Never-
theless no major shift in the metal atom (particularly U) stoichiom-
etry could be observed from the XRD analyses. After melting, slow
cooling until crystallisation with intermediate quench sampling by
metallic rod insertion, the following sequence was identiﬁed. A
division into 2 phases dependent on the Si content: ﬁrstly, areas
with a low Ca3SiO5 content and with (U,Zr)O2 crystalline phases
and crystallised phases of the (U,Zr)O2–SiO2 eutectic system
appeared; secondly, areas with higher content of Ca3SiO5 contain-
ing (U,Zr)O2 and Ca2SiO4 dendritic crystals but also Fe3O4 and
Ca(U,Zr)O4 phases appeared. No inﬂuence of Al2O3 on phase
composition during cooling was observed. Finally there was thecircles indicate the areas for post–test sampling and analyses.
Fig. 6. Micro-structure of the URAN 25 quenched sample. Note the primary dendrites of U,Zr rich phases from the associate phase liquid and the very ﬁne secondary dendrites
projecting into the remaining liquid whose composition is shifting steadily towards a light liquid composition of MeO2 (Me = Fe,Al).
Fig. 7. Micro-structure of the URAN 25 ingot sample, showing the high melting MO2 (M = U,Zr) crystals (with zonal enrichment of Zr in the centre) and the ﬁne dendrites of
the crystallised associate phases MeO1.5, where Me = Al, Fe) and a (dark) residual phase enriched in Si and Ca.
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the U,Zr rich phases during cooling and crystallisation. This ﬁrst
analysis of a complex melt enables the main phenomena to be
identiﬁed and to concentrate on the key interactions during
cooling.
3.3. Experiments at CEA, VULCANO facility
MCCI tests performed in 2D conﬁgurations (Journeau et al.,
2009, 2012) have shown that, whereas the ablation of limestone-
rich concretes is almost isotropic, while the lateral ablation of
silica-rich concretes is much faster than the axial ablation at the
bottom. The ablation proﬁle obviously affects the melt-through
of the basemat hence this is a high priority for the SARNET Severe
Accident Research Priority Group (http://fukushima.ans.org/). The
incident at Fukushima and the deductions as to the extent of
ex-vessel damage were based on the results of this research and
demonstrate its importance (Klein-Heßling et al., 2012).
The VULCANO facility (Journeau et al., 2012a; Carenini et al.,
2007) is mainly composed of an oxidic plasma-arc furnace and a
concrete test section; metal furnaces can be used for tests with
oxide and metal phases. The furnace can reach melting tempera-
tures up to 3000 C (using 1000 A at 200 V) with mixtures of vari-
ous compositions and has a capacity of 80 kg of corium, using a
transferred plasma-arc furnace (Fig. 8). Two graphite plasmatorches are ignited by an electrical short circuit. The plasma gener-
ator gases are argon and/or nitrogen plus, in some cases, corium
fumes. The maximum power during operation is 200 kW
(1000 A–200 V). First, a self-crucible of refractory oxides (zirconia)
is created; then the mixed powder is loaded and melted. The heat-
ing process is controlled by optical pyrometers and on-board ther-
mocouples. When a sufﬁcient quantity of corium has been melted,
the anode is withdrawn, the furnace is then tilted and the melt
poured out into the test section. The plasma arc is maintained
during the pouring operation to minimize melt cooling.
The test sections are 600  300  400 mm concrete blocks with
a £300  250 mm hemicylindrical cavity into which corium is
poured. The concrete test sections have typically 129 K-type (chro-
mel–alumel) and 10 C-type (tungsten–rhenium) thermocouples
installed in the concrete test section to monitor the ablation. The
C-type thermocouples can operate both in the concrete and in
the corium pool. Type-K thermocouples are destroyed around
1200–1400 C and are used to track the ablation front and to follow
the concrete heating (i.e. indicate the 1200 C isotherm in the con-
crete at the time of failure). Each test section will have a concrete
of a special composition speciﬁc to a particular design or location
(e.g. Olkiluoto 3 EPR sacriﬁcial concrete).
The VBS-U3 test used a siliceous concrete with the following
chemical composition: 12.89 wt% Ca(OH)2, 16.2 wt% CaCO3,
65.89 wt% SiO2, 2.87 wt% free H2O, 2.15 wt% Al2O3. The added
Fig. 8. The VULCANO furnace.
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(69.62 wt% Fe, 18.20 wt% Cr, 9.20 wt% Ni, 0.028 wt% S, 0.038 wt%
P, 1.92 wt% Mn, 0.92 wt% Si, 0.075 wt% C) along with 91 kg of oxi-
dic corium with the following composition: 69 wt% UO2, 17 wt%
ZrO2, 6 wt% SiO2, 7 wt% Fe2O3, 1 wt% CaO. This oxidic corium had
a liquidus temperature of 2460 K.
The initial composition of the melted oxides was measured as:
56 wt% UO2, 39 wt% ZrO2, 3.6 wt% Fe2O3, 1.4 wt% SiO2 (36 kg), with
a calculated liquidus temperature of 2650 K. The test duration was
3 h 30 and the power level was maintained between 34 and 38 kW.
The post-test examination of the concrete cross-section is seen in
Fig. 9; the ablation appears to be more advanced in the radial direc-
tion that in the axial direction; some localised attack was noted at
certain radial directions (Fig. 9-right). However there was a large
zone of metallic phase that was interconnected at the base of the
corium pool area.
The asymmetry is certainly a further observation (Fig. 9) that
requires further examination with local sample removal and anal-
ysis to see if there are any compositional differences associated
with the variation in local ablation.Fig. 9. VBS-U3 post-test dismantling: left: cross-section of ablated concrete testFig. 10 shows the uneven ablation proﬁle of VBS-U3; there is an
outer corium and degraded concrete crust. Main part of the corium
is oxidic but the base is metallic with a particularly large amount of
metallic phase at the point where locally enhanced radial and axial
ablation is present. On one side a wall of metallic phase is seen.
There is also a large cavity in the oxidic corium pool. The local
metallic zones are seen to contain all steel components but with
reduced amount of Cr in comparison with the initial composition
of stainless steel; thus a notable exchange of elements between
the steel and the corium has occurred. At the very bottom where
molten concrete and corium have interacted, highly oxidised Cr
and Fe silicates were found. These suggest varying levels of oxida-
tion existing at different times during the test.
In the oxidic pool there is probably solutal convection occurring
during the test so that the different phases are slowly mixing,
despite the different densities resulting from their compositions.
Thus the corium-rich (oxidic) zones in the pool (Fig. 11, left and
right) had typically 82 mol% (U,Zr)O2, so that this would have a
density greater than the metallic drop. By contrast, the concrete–
rich oxidic melts, were found to have only 49 mol% (U,Zr)O2 so thatsection; right: the estimated ablation proﬁles in different radial directions.
Fig. 10. VBS-U3: Cross-section of the asymmetric corium pool ablation of the concrete test section, showing the local analysis where further sampling was made and some of
the key results.
Fig. 11. VBS-U3-metallic drop ﬂoating on an oxidic pool; densities are indicated with the phases.
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rich melt. In Fig. 11 on the right, a metallic nodule is clearly seen
sitting in the middle of a corium-rich melt, in support of this argu-
ment. This also means that stratiﬁcation in a reactive pool is a
likely mechanism and so with this constantly changing composi-
tion, the estimation of the pool conﬁguration will be more complex
than a simple conﬁguration of 3 phases (2 liquids and a gas of ﬁxed
composition).
In general one can conclude that the overall geometry indicates
greater ablation rates by metal than by oxidic melts, and yields the
following ranking of local ablation rates in the concrete: axial abla-
tion by oxide is less signiﬁcant than lateral ablation by oxide, is less
signiﬁcant than axial ablation by metal, is less signiﬁcant than lat-
eral ablation by metal.
3.4. Experiments at NITI, Sosnovy Bor: CORPHAD–PRECOS projects
As part of the ISTC CORPHAD (CORium PHAse Diagrams) and of
its subsequent ISTC PRECOS project (Phase RElations in COrium
Systems) project, funded by the European Commission, NITI and
ISC RAS of St. Petersburg in co-operation with certain European
institutes undertook phase diagram investigations for in- and
ex-vessel coria. Selected phase diagram studies were focussed onsystems that still required improved data particularly for UO2–
SiO2 (Bechta et al., 2006), UO2–CaO and U–Zr–Fe–O. We will show
in this paper some key results obtained on the UO2–CaO phase
diagram.
The UO2–CaO phase diagram investigations employed tech-
niques of visual polythermal analysis of the melt, produced by an
induction melting in a cold crucible [VPA IMCC (PRS)] and high-
temperature annealing/quenching in the Galakhov microfurnace
(GPRS). Details of the VPA IMCC technique for Tliq determination
are as follows:
 formation of the pool occurs on a thin water-cooled bottom;
 after homogenisation, the superheated melt is maintained
above Tliquidus;
 the molten pool depth and bottom crust thickness are
measured;
 a melt sample is taken;
 the superheated pool is locally cooled by shifting the molten
pool upward relative to the inductor. The surface temperature
and state are registered (when the pool surface emerges from
the inductor, cooling of the upper layers with formation of the
solid phase on the melt surface occurs while the bulk melt
remains superheated above Tliquidus);
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and determination of the minimum temperature of the melt
coexisting with the solid phase that forms at the melt surface
as a result of its local cooling below Tliquidus;
 there is posttest physicochemical analysis of melt samples for
determining their composition.
The induction cold crucible (IMCC) facility is shown in Fig. 12.
The comparison of VPA IMCC results with those obtained by differ-
ential thermal analysis (DTA), differential scanning calorimetry
(DSC), high-temperature microscopy or Galakhov microfurnace
has shown that the total error of Tliquidus determination by VPA
IMCC (as noted above) does not exceed 50–75 C, as a rule. The Gal-
akhov microfurnace uses a small sample (50–150 mg) placed in a
Mo crucible or wire spiral in the central part of a tubular furnace.
The specimen surface temperature was measured with the RAYTEK
MR1-SC spectral ratio pyrometer with the measurement relative
error of 1% (i.e. 625 C).
The experimental data on UO2–CaO phase diagram is important
for the interaction of the melt with the concrete and core catcher
materials at the ex-vessel stage of a severe accident. Different
experimental studies were performed on this system. Lang et al.
(1956) studied the CaO/UO2 interaction and conﬁrmed that ﬂuo-
rite-type cubic solid solutions resulted from CaO dissolution in
UO2. Alberman et al. (1951) determined the eutectic composition
and temperature as 45 mol% UO2 and 2080 C respectively. Holc
and Kolar (1986) also investigated this system under reducing con-
ditions and determined the eutectic composition at 37 mol% UO2
and the eutectic temperature at 1850±20 C. There exists ambiguity,
in particular concerning the pure CaO melting point which is found
in the 2500–3000 C range depending on the authors (Alberman
et al., 1951; Hlavac, 1982; Yamada et al., 1986). Also the eutecticFig. 12. IMCC furnpoint composition and temperature, CaO solubility in UO2, and the
Tliquidus for the UO2- and CaO-rich areas still need reﬁnement.
For the pure CaO sample the material’s melting point was deter-
mined by laser ﬂash pyrometry at IVTAN, Moscow using experi-
mental facility similar to that of ITU, Karlsruhe (see Section 3.1,
Fig. 1). The sample is placed in a hermetic chamber with inert
gas and is heated by a Roﬁn Sinar DY-033 CW laser (wave-
length = 1.06 lm, maximum power 3300W) to above the melting
point. 2 pyrometers (multichannel spectrometer with a range of
k = 480–920 nm and a fast 2-wavelength pyrometer) measure
the cooling curve of the sample and any thermal arrests indicate
phase changes. The samples were checked by XRF in order to verify
the purity of the UO2 and the CaO making up the furnace charge
composition. The UO2 was >98.9% pure and CaO was >96.0% pure.
Samples were made up in the following mol% ratios UO2:CaO; (a)
50:50, (b) 17.9:82.1, (c) 10:90, (d) 36.2:63.8, (e) 30:70, (f) 60:40,
and (g) 70:30. The aim was to determine the liquidus and solidus
temperatures for these compositions. The samples were thor-
oughly mixed and then ﬂushed with oxygen, before switching on
the furnace and heating the sample. The furnace was often cycled
in temperature to take the sample several times through the melt-
ing and freezing cycle while monitoring it with the video camera
and pyrometer. Melt samples were taken for analysis at various
points during the experiment. Finally the sample was allowed to
cool and solidify. The ingot was cut axially and vertically and sam-
ples taken for analysis by optical and SEM-EDX examination.
The molten pool surface temperature was 2450 C. The Tliquidus
was determined at 2765 and 3000 s, by power adjustment to be
2190 ± 50 C. Chemical analysis of the U was used and the CaO
was then calculated. The 50% UO2–50 mol% CaO (=82.8% UO2–
17.2 wt% CaO) sample was analysed as 82.94 wt% UO2–17.06 wt%
CaO, which is within 1% of the original mass ratio. SEM–EDXace diagram.
Fig. 14. A polished section from 50% UO2–50.
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Bruker Quantax 200 system.
The ﬂakes from the taken from this melt by a Mo rod were den-
dritic. The dendrite-forming phase is the UO2–based solid solution
with the content of CaO up to 46 mol% (Fig. 13 points P1, 2). The
ﬁne-crystal structure in the interdendritic space is apparently
eutectic (see Fig. 13, point P3).
Fig. 14 shows a micrograph of the ingot. The peripheral regions
of the ingot (regions 1, 5, 10, 13) demonstrate a monophase layer
based on the UO2 solid solution. This layer must have formed as
a result of melt crystallisation close to equilibrium. Since the initial
composition of the melt was close to eutectic, the upper part of the
ingot after the prolonged withdrawal out of the inductor was found
to contain vast eutectic regions. Eutectic crystallisation regions 16–
18 in the upper part of the ingot were also found to contain a
CaUO4x compound. Also, a CaO-based phase was found in these
regions but could not be analysed due to its very small size. It could
represent a CaUO4x compound, or a UO2(CaO) solid solution with
CaO crystals.
Specimens (ﬂakes) from melt samples were taken for Tliq mea-
surements in the Galakhov microfurnace, and ﬁnal crystallisation
samples were also taken for Teut determination. Tsolidus for the spec-
imen was 1990 C, while Tliquidus was 2217 C. The eutectic crystal-
lisation zone sample started deforming at 1866 C and melted
completely at 1890 C; this temperature gap may be due to a small
quantity of solid solution present. The eutectic composition and
temperature for the system have been found to correspond to ura-
nia concentration of 32.55 ± 1.75 mol% and 1870 ± 25 C in agree-
ment with the Holc’s previous publication.
As was reported above, tests with pure CaO have been per-
formed at IVTAN High Temperature Institute in Moscow using a
laser ﬂash heating method which prevents in particular crucible-
sample interaction. Measuring the CaO melting temperature are
complicated because of high optical transparency of CaO in theFig. 13. Micrographs of samples. 1 and 2 from 50% UO2–50% CaO melt with mol% CaO ingot SEM/EDX analysis points.
Fig. 15. Thermogram of pure CaO heated by laser ﬂash technique.
Oxidic crustDense metal
Gas (H2, steam)
Light metal
Molten oxide
Fig. 16. Formation of a dense metal phase.
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tively low boiling temperature (3300 K).
Thus, the melting temperature happens to be close to the boil-
ing temperature and so can volatilise rapidly during the measure-
ment. The result is shown in Fig. 15, and gives a melting
temperature of above 3100 K and so conﬁrms the theoretically pre-
dicted high melting point (and in agreement with the modelling
assumption up to now retained in the NUCLEA database).
The CaO melting temperature was found to equal 2900 ± 15 C.
The experimental data allowed a phase diagram of the UO2–CaO
pseudobinary system to be constructed (see Section 3.6.2
modelling).3.5. AREVA NP GmbH – EPICOR tests
As part of the validation of the In-Vessel Melt Retention (IVR)
strategy for its KERENA BWR, AREVA NP has performed a quantita-
tive assessment of the potential impact of thermo-chemical phe-
nomena (Fischer et al., 2011, 2012). For example, the formation
of a dense metallic phase has the potential to lead to a strong
increase in local heat ﬂuxes, with the risk of early IVR failure.
Applying an improved ‘‘cold crucible’’ induction heating technique,
two series of tests were performed, with a low U/Zr-ratio and high
contents of Zr, steel, with and without a 1.4 wt% B4C content rep-
resentative of initial material inventory in BWRs. These two values
of B4C bound the uncertainty with respect to the incorporation of
B4C into the molten pool. The objective was to localise the material
inventory leading to the point (or critical point) of equal densities
between the dense metallic phase (Fe, U, Zr and O) and the residual
oxidic phase in thermo-chemical equilibrium.
A dense metallic phase can form whenever the corium contains
non-oxidised zirconium: e.g. by addition of steel (solid or liquid)
into an existing oxidic pool or oxidic debris bed.
When steel is added in portions, it will ﬂoat at the surface and
will be heated via direct contact. At high enough temperatures, the
transfer of U and Zr from the substoichiometric corium into the
ﬂoating steel starts. As the U-fraction in the residual oxide is
reduced, there are local reductions in density of the residual oxide
and a corresponding local increase in the metallic phase.
As a consequence of these element transfers the added steel can
relocate from the surface to the bottom of the oxidic pool, where
its temperature rises to become close to that of the oxide, corre-
sponding to a superheat of about 1000 K relative to the steel
melting temperature (Fig. 16).The ‘‘inversion point’’ characterises the state at which the two
liquids (dense metal and oxide) change their relative position in
the molten pool. Fixing the conditions of the two liquids at this
point yields their two compositions in chemical equilibrium and
allows their common density to be determined by measuring the
density of either the whole melt or of one phase alone.
In all EPICOR experiments the initial composition and state of
the sub-oxidic system was the same and characterised by a U/Zr
atomic ratio of 0.83 (BWR), a melt temperature of 2450(±50) C,
and a corium oxidation index of C-35. The oxidation index C-n is
deﬁned as:
Cn ¼ Zrtotal  ZrfreeZrtotal  100 ð1Þ
where Zi is expressed in mol.
The EPICOR tests were also performed at NITI in the RASPLAV-3
facility, a ‘‘cold crucible’’ installation similar to that of the MASCA
experiments (Fig. 13).
Decay power is simulated by HF-induction heating. The crucible
is sealed against the surrounding atmosphere and tests are con-
ducted under high-purity argon-atmosphere because of the use
of sub-oxidised melts. The ‘‘critical’’ steel mass was determined
so: ﬁrstly an initial steel mass above the predicted critical mass
(estimated from earlier tests) was added, then the amount of oxidic
corium was increased until the metal disappeared from the sur-
face. Then it was determined using an initial steel mass below
the ‘critical mass’ (resulting in the formation of a dense metallic
phase at the bottom of the pool) then steel added until the metal
appeared at the surface. The steel fraction in the system at the
inversion point was about 35 wt%. The oxidic melt collected from
this test (which represents equilibrium conditions) and its density
at the liquid state were measured more accurately by ultrasonic
techniques; this density technique is also valid for the liquid
metallic melt. In addition the solid densities of oxide and metal
phases were measured.
The 2nd test phase was aimed at investigating the inﬂuence of
B4C on the inversion point, since boron and carbon can concentrate
in either the metallic (more likely) or the oxidic liquid (less likely)
phase.
In the OECD MASCA-2 program using a C-32 corium containing
B4C with the ratio of U/Zr  1.25, the density of the metallic ingot
was found to be only a few percent lower than that of a metallic
ingot from the same system without B4C. The inﬂuence of boron
carbide on the density of the oxidic ingot was even found to be
an order of magnitude lower.
In EPICOR it was decided to investigate a melt with 1.37 wt%
B4C where a more pronounced inﬂuence on the phase densities
and the inversion point was expected. This test resulted in a signif-
icantly reduced initial steel fraction of 22 wt% in the molten pool.
Unexpectedly, the metallic phase was at the surface right from
the beginning (conﬁrmed by melt samples). Therefore portions of
suboxidised corium (C-37, U/Zr = 1.1) were introduced, in order
to achieve a relocation of the metal to the bottom, as the steel frac-
tion fell below its critical value. But it was not possible to ‘force’ the
metal to relocate to the bottom (within the volume limits of the
crucible). So heating was stopped and the ingot broken open to
reveal a cross-section as shown in Fig. 17.
Fig. 17. Test ER-4 ingot (a) schematic cross-section after solidiﬁcation, showing the oxidic melt at the bottom and the metallic ‘‘lense’’ above, surrounded by an oxidic crust
(all measures in mm) (b) metallic part, with shrinkage pore and venting channel.
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B2Zr, U(Zr)Fe(Ni,Cr)2, Zr(U)Fe(Cr,Ni)2, and Fe3Cr; no carbide-based
phases were found. In the oxidic part, solid solutions based on
(U,Zr)O2 and (Zr,U)O2, a-Zr, and Zr(U)Fe(Cr,Ni)2-based intermetal-
lic phases were found. When allowing for concentration and phase
volumes, practically all boron was accounted for as B2Zr in the
metallic phase. The presence of B4C appears to lower the critical
steel mass by formation of low density B2Zr, both as a liquid and
solid and can explain the observed shift of the inversion point
towards lower steel content.
3.6. Improvements of the database
The NUCLEA database has beneﬁted from all aspects of the data
production not only within SARNET2 but also from other data
published in the scientiﬁc literature which are taken into account
in the improvement of the database. The advantage of suchFig. 18. Experimental measurement in the UO2–ZrO2–FeO system in comparison with t
content (100x%) (in a xFeO–(1  x)/2UO2–(1  x)/2ZrO2.Networks is that the proposed work is that considered most
important by the whole severe accident community. This is not
only the data required but also the ability to use experimental data
sets for validation of the modelled results. Below are some speciﬁc
examples from the individual experiments.
3.6.1. Modelling of the UO2–ZrO2–FeO system
In Fig. 18 the variation of the experimental liquidus and solidus
temperatures with composition of the FeO–equimolar (UO2–ZrO2)
system as determined at ITU is shown in comparison the NUCLEA
database. First, there is very good agreement for the (lower) solidus
temperatures corresponding to the solidiﬁcation of the FeO-rich
phase. Here this ﬁnal transition was always predicted and was
observed in all cases except the 10 mol% FeO sample. In the laser
ﬂash – fast pyrometry data, this FeO temperature arrest was seen
to gradually fade as the FeO content dropped and disappeared in
the 10 mol% FeO sample.he NUCLEA calculations showing the liquidus and solidus temperatures versus FeO
Fig. 19. Updated version of the phase diagram of the UO2–CaO pseudo-binary system (neutral atmosphere, 104 Pa partial oxygen pressure). The PRS numbers in different
colours relate to the different experimental batches. Phase transition temperatures are measured by VPA-IMCC, thermal analysis and Galakhov microfurnace and
corresponding compositions are determined by XRF, SEM/EDX and chemical analysis. CaO melting temperature is determined by IVTAN.
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elled) liquidus value for this composition of 2750 K also gave a
very prolonged arrest at 2400 K sas well as a very high liquidus
(‘upper liquidus’) temperature of 3000 K. The two upper points
strongly suggest a phase segregation into an initial UO2 phase
and a ZrO2/UO2 phase close to the overall composition; for exam-
ple during freezing of the molten material from the edge to the
centre. The transition at 2400 K corresponds to the modelled value
for a 30 mol% FeO composition of the remaining melt; these addi-
tional points are indications of signiﬁcant phase separation. The 40,
60, and 80 mol% FeO samples also gave ‘upper liquidus’ tempera-
tures approximately 400–600 K above the predicted liquidus tem-
peratures. It is presumed that that these temperature arrests are
also due to the segregation effects of UO2 and ZrO2-rich phases
freezing out at the beginning of the cooling.
The EDS analyses of the melts show that the secondary phases
often have Zr and U oxides at enriched levels together and not sep-
arated on a large scale. This is probably because the mutual solubil-
ity of U and Zr in their oxides is higher than in FeO-based oxides;
that is they are segregating or precipitating jointly out of the FeO-
rich zones during cooling.
The modelling conﬁrms the results of a very wide melting range
for the UO2–ZrO2 system when combined with signiﬁcant amounts
of FeO.
3.6.2. Modelling of the UO2–CaO phase diagram
The data collected from the VPA-IMCC, thermal Analysis and
Galakhov l-furnace tests in the PRECOS project were used to
update the UO2–CaO pseudo-binary diagram. This is seen in
Fig. 19. This work has not only conﬁrmed the high melting point
of the CaO, but also determined the eutectic composition as well
as other important characteristics and the difﬁculties of working
with hydroscopic materials.
As previously mentioned, the eutectic composition and tem-
perature have been found to correspond to 32.55 ± 1.75 mol%
UO2 and 1870 ± 25 C to be compared to the previous Holc’s data,
37 mol% and 1850 ± 20C. The actual modelling of NUCLEA which
takes into account the Roche’s data (Roche et al., 1993) who
determined the eutectic composition and temperature at
37 mol% UO2 and 1945 C respectively could be reconsidered with
these new results.
3.6.3. UJV Rez
UJV, Rez have continued to examine UO2–SiO2 in ternary oxide
systems but also in a prototypical complex ex-vessel melts. Theyhave indicated how the UO2–SiO2–CaO characteristics result in
heavy [(U,Zr)O2-based] and light melts with high and low Ca con-
tents. The wide range of Ca,U oxide compositions seen in the
CaO–UO2 binary system results at NITI show how easily Ca and
U can associate. However it is clearly different when more com-
plex, corium concrete systems are tested (as at UJV). Here with
the addition of SiO2 it associates strongly with CaO rather than
with UO2 or ZrO2. The initial separation is into low Ca3SiO5 and
higher Ca3SiO5 content zones (both containing the other ele-
ments). After this primary separation the CaO–SiO2–UO2,ZrO2 sys-
tem later separates to (U,Zr)O2 and CaO–SiO2-dominated oxides.
The other light oxides (Fe, Al) appear later as residual liquid.
The association between SiO2 and CaO will play a major role
among the lighter element oxides and even affects the dominat-
ing association between Zr and U oxides. UJV Rez also noted that
the presence or absence of Al2O3 did not play a big role in these
associations. Almost certainly the physical effect of viscosity due
to SiO2 content will also play a major role. It is clear that further
work needs to be done but these ﬁrst results on element associ-
ations help interpretation of complex coria behaviour in large
integral tests.3.6.4. CEA Cadarache – VULCANO tests
These complex integral tests show how difﬁcult it is to perform
full 3-D modelling and how local effects can dramatically change
the results. Two substantial effects have been recorded here. Firstly
the very distinctive anisotropy that is until now has no established
cause although several mechanisms appear possible (e.g. crust
structure differences on vertical and horizontal surfaces. Secondly
the ﬁnding of chromium trioxide (CrO3) suggests unexpectedly
highly oxidised conditions locally, close to a reduced form
(CaSiO0.5). If this is reproduced, it would suggest greater variation
and very localised chemical processes occurring in the melt. The
greater range of reactions also makes the modelling more difﬁcult.
At the moment these effects and the longer term impact are impos-
sible to assess by simpler 2-Dmodelling or tests. A further hurdle is
the modelling of reinforced concrete and the effect of rebar which
results in an uneven heat ﬂuxes at the interface and more penetrat-
ing concrete break-up but by dispersing the heat may also reduce
the erosion rates at the hottest points. This clearly needs 3-D
results and modelling. VULCANO is one of a limited number of
facilities that can generate full 3-D data sets of MCCI interaction
out to 105-106s for testing against the models for corium pool ther-
mal-hydraulics, viscosity and concrete interaction mechanisms to
advanced degradation conditions.
Fig. 20. Densities of the oxidic and metallic liquids for B4C contents 0–1.37 wt% of the initial oxide mass, Model 3. Note no inversion point for B4C = 1.37% or 1.0%.
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The compositions of the coexisting metallic and oxidic liquid in
the EPICOR tests were calculated using the GEMINI2 code
(Cheynet, 2007) and the NUCLEA-10 thermodynamic database.
Thermodynamic calculations show that boron and carbon almost
completely concentrate in the metallic liquid, and with residual
interstitial solid solution in the metallic solid, their presence in
the oxidic liquid was negligible. The experimentally evaluated val-
ues of the U, Zr and Fe (Cr, Ni. . .) contents in the oxidic and metallic
melts were compared with GEMINI-2 predictions using the NUC-
LEA-10 database. It was found that the calculations give a rather
good coincidence both for the U and Zr contents in the oxidic melt,
and the Fe (Cr, Ni. . .) contents in the metallic melt. However, the
calculations considerably overestimate (by up to 12 wt%) the U-
content in the metallic liquid in comparison with the experimental
ﬁndings. On the contrary, the Zr-content in the metal is substan-
tially underestimated (by up to 5 wt% wt%) in the calculations in
comparison with experiment.
To calculate the density, the distribution of oxygen among the
substances in the metallic and oxidic liquid was made so; available
oxygen is ﬁrst used to produce UO2, the remaining oxygen is used
to form ZrO2 and the zirconium residue is assumed to be non-oxi-
dised. The distribution of elements in the metallic liquid is less evi-
dent because several ways of partitioning are possible; (1)
assuming B and C dissolved in solid solution (i.e. no volume
change), (2) assuming that Zr2B and other compounds formed
and ﬁnally (3) the extreme case that all boron carbide partitions
into the metallic melt and stays there as a substance. The other
components of the metallic melt (Fe, Cr, Ni, Zr, U, O) are treated
as elements and oxygen dissolves in the metal as an interstitial.
This model 3 yields the lowest metal density. Fig. 20 below shows
the density plots for different B4C contents and indicates the inver-
sion points.
The experiments performed in EPICOR phase 2 demonstrated
that B4C addition to the oxidic melt has a signiﬁcant impact onthe inversion point in the metal-oxide corium system under ther-
mochemical equilibrium conditions for a BWR-type core melt.
Posttest investigations suggest that the formation of B2Zr obviously
shifts chemical equilibrium between oxidic and metallic liquid and
it is likely the key contributor to the observed strong reduction in
the metal phase density after B4C addition.
4. Conclusions
The research under work package 6 concerning the molten cor-
ium concrete interaction (MCCI) for the SARNET2 project and asso-
ciated ISTC projects was reviewed. It demonstrates signiﬁcant
progress in understanding physical chemistry of high temperature
coriummelts and in quality improvement of data used for thermo-
dynamic modelling of severe accident phenomena. This includes
knowledge obtained in the large scale testing of the VULCANO
facility in CEA Cadarache, in the cold crucible testing of UO2-con-
taining systems carried out at NITI, Sosnovy Bor and by AREVA
GmbH, as well as in UJV, Rez. Small scale testing of UO2-containing
systems was also carried out at ITU in support of phase diagram
determination for these refractory systems. IVTAN in collaboration
with NITI also performed melting point determinations using laser
heating techniques.
The data produced by this study has been introduced into the
data banks and used to validate the thermodynamic models and
improve the phase diagram construction and hence severe acci-
dent modelling predictions. The improvement of a key in-vessel
system (U-Zr-Fe-O) and in a difﬁcult system (high CaO content in
UO2-CaO) has been given as direct examples.
The understanding of complex coria systems is advancing as the
secondary interactions from ex-vessel light elements (e.g. Ca, Si) on
heavy element components (U,Zr) is researched.
The large facility testing has demonstrated that anisotropy in
the MCCI erosion needs to be more clearly deﬁned and how vari-
able the local conditions can be that yield this corrosion/erosion
124 S. Bakardjieva et al. / Annals of Nuclear Energy 74 (2014) 110–124proﬁle uncertainty. Such effects (e.g. crust stability or structure,
gravity effects) need to be understood before full 3-dimensional
modelling can be reliable.
New cold crucible experiments have conﬁrmed MASCA OECD
program results that component partitioning between oxidic and
metallic liquids under certain conditions has a density effect
directly inﬂuencing the conﬁguration of layered molten pool, i.e.
relative positions of oxidic and metallic layers. The strong effect
of B4C on chemical equilibrium in the miscibility gap domain of
U–Zr–Fe–O system and, in particular, on densities of coexisting
liquids was experimentally conﬁrmed.
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